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Introduction
Synapses are specialized intercellular junctions that are re-
quired for the transfer of information between neurons. At 
chemical synapses, the presynaptic neuron forms a specialized 
membrane domain, termed the active zone, which contains the 
molecular machinery required for calcium-dependent synaptic 
vesicle fusion and recycling. A postsynaptic density, consisting 
of concentrated neurotransmitter receptors, forms in direct ap-
position to the active zone. A fundamental feature of chemical 
synapses is that they can be modulated to alter the transfer of 
information between neurons (Bredt and Nicoll, 2003). There 
are several general mechanisms by which the strength of syn-
aptic connections can be infl  uenced, including the following: 
(a) a change in the probability of synaptic vesicle fusion in 
response to a presynaptic action potential, (b) a change in the 
density or sensitivity of postsynaptic receptors, and (c) a change 
in synapse size (defi  ned as the area of opposed presynaptic active 
zone membrane and postsynaptic density; Murthy et al., 2001). 
A strong correlation between synapse size and the probability 
of presynaptic release has lead to speculation that the regulation 
of synapse size could participate in the mechanisms of neural 
development and activity-dependent plasticity (Schikorski and 
Stevens, 1997). Although the mechanisms that modulate vesicle 
fusion and postsynaptic receptor traffi  cking have received con-
siderable attention, little is known about the molecular mecha-
nisms that control synapse size. In Drosophila melanogaster 
and Caenorhabditis elegans, genetic studies have uncovered 
several signaling molecules that, when mutated, affect synapse 
size. These signaling molecules include Liprin-α/Syd-2, Dlar, 
and Dally-like (Zhen and Jin, 1999; Kaufmann et al., 2002; 
Johnson et al., 2006). It remains to be determined how these 
signaling molecules mediate their infl  uence on synapse size.
We investigate the role of the postsynaptic Spectrin skele-
ton in the regulation of synapse size. The Spectrin skeleton con-
sists of heterotetramers of two α- and two β-Spectrin subunits 
that, together with short actin fi  laments, form a cytoplasmic 
Spectrin–actin network that parallels the plasma membrane. The 
Spectrin skeleton can be recruited to the plasma membrane in 
several ways, including interactions with the adaptor protein 
  Ankyrin, direct interactions with integral membrane proteins, 
or through interactions with plasma membrane phospholipids 
(Bennett and Baines, 2001). In the vertebrate nervous system, 
  Spectrin and Ankyrin are required for the organization of ion 
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channels and cell adhesion molecules into discrete domains. For 
example, at the nodes of Ranvier and at axon initial segments, 
Ankyrin G assembles a protein complex of voltage-gated sodium 
channels, L1-family cell adhesion molecules, and βIV-Spectrin. 
The organization of these membrane domains is severely im-
paired in   ankyrin G and βIV-spectrin mutant mice, demon-
strating that   Ankyrin G and  βIV-Spectrin mutually stabilize 
these integral membrane clusters (Jenkins and Bennett, 2001; 
Komada and   Soriano, 2002; Ango et al., 2004; Lacas-Gervais 
et al., 2004). Spectrin is found at synaptic connections through-
out the central and peripheral nervous system (Phillips et al., 
2001) and has been hypothesized to participate in the clustering 
of postsynaptic neurotransmitter receptors (Bloch and Morrow, 
1989; Wechsler and Teichberg, 1998). However, direct genetic 
evidence documenting such a role for Spectrin is lacking.
In C. elegans, Spectrin is required for neuronal outgrowth 
and sarcomere stabilization in muscle. Interestingly, an ultra-
structural analysis did not reveal obvious defects at the neuro-
muscular junction (NMJ; Hammarlund et al., 2000; Moorthy 
et al., 2000). In D. melanogaster, α- and β-Spectrin are present 
at the NMJ and null mutations in α- or β-spectrin die at the late 
embryonic/early larval stages (Lee et al., 1993; Dubreuil et al., 
2000; Featherstone et al., 2001; Pielage et al., 2005). In spectrin-
null mutant embryos, synaptogenesis proceeds, but synaptic 
effi  cacy is impaired and the localization of both presynaptic 
vesicle proteins and postsynaptic Discs-large (PSD-95 homo-
logue) is altered. Despite these defects in protein localization, 
iontophoretic application of glutamate evoked normal post-
synaptic currents, suggesting that glutamate receptors are normally 
recruited to the nascent embryonic NMJ in the absence of α- or 
β-Spectrin (Featherstone et al., 2001). Embryonic lethality pre-
cluded further analysis of synapse maturation and stability.
To analyze the function of α- and β-Spectrin during post-
embryonic synapse development, we have previously used a 
transgenic RNA interference (RNAi) approach that allows us 
to circumvent the embryonic lethality associated with α- and 
β-spectrin mutations. We demonstrated that we can effi  ciently 
knock down α- or β-Spectrin at either the pre- or the post-
synaptic side of the larval NMJ, and that the presynaptic Spectrin 
skeleton is essential for the stability of the NMJ (Pielage 
et al., 2005). We document a separable and unique requirement 
of the postsynaptic Spectrin skeleton for the specifi  cation of 
active zone size, spacing, and function during postembryonic 
development. We then extend our observations to include an 
analysis of postsynaptic Ankyrin, demonstrating that Ankyrin 
participates in the Spectrin-dependent regulation of synapse 
  development. Together, our data suggest the existence of a post-
synaptic, submembranous Spectrin–actin network that imposes 
a transsynaptic organization upon synapse development at the 
D. melanogaster NMJ.
Figure 1.  Postsynaptic elimination of 𝗂- and 
𝗃-Spectrin at the NMJ. (A–D) A third instar 
wild-type synapse at muscle 4 is stained for 
α-Spectrin (A), β-Spectrin (B), and the presyn-
aptic membrane marker HRP (D). α- and β-
Spectrin colocalize and are highly enriched in 
the postsynaptic SSR (C). (E–H) Muscle-speciﬁ  c 
expression of α-spectrin dsRNA leads to the 
elimination of α-Spectrin in the muscle, but not 
in the motoneuron axon (E). β-Spectrin protein 
levels in the muscle are unchanged, but the 
distribution of β-Spectrin within the SSR is se-
verely affected (F and G). (I–L) Muscle-speciﬁ  c 
expression of β-spectrin dsRNA results in the 
elimination of β- and α-Spectrin from the post-
synaptic muscle (I–K). The presynaptic nerve 
terminal can be identiﬁ  ed by HRP (L). A second 
instar wild-type synapse is shown stained for 
β-Spectrin (M and N) and HRP (N). (O and P) 
Expression of β-spectrin dsRNA results in the 
elimination of β-Spectrin from the muscle in 
second instar larvae. (Q) Western blot analysis 
of third instar larvae. The ubiquitous expres-
sion of α-spectrin dsRNA results in the elimina-
tion of α-Spectrin, but not β-Spectrin protein 
levels. The ubiquitous expression of β-spectrin 
dsRNA greatly reduces β-Spectrin protein, 
with only minor effects on α-Spectrin protein 
levels. Bars, (A–P) 10 μm.SPECTRIN DEFINES SYNAPSE SIZE • PIELAGE ET AL. 493
Results
We fi rst confi  rm our ability to knock down Spectrin protein by 
expressing spectrin double-stranded RNA (dsRNA) in muscle, 
beginning in the fi  rst larval instar stage (Fig. 1, E and J; see 
  Materials and methods). Interestingly, the expression of β-spectrin 
dsRNA eliminates both β- and α-Spectrin protein from the post-
synaptic muscle membrane (Fig. 1, I–L), whereas the expression 
of α-spectrin dsRNA eliminates only α-Spectrin protein (Fig. 1, 
E–H). We tested the specifi  city of our dsRNA constructs and 
show that ubiquitous α-spectrin dsRNA expression knocks down 
α-Spectrin protein without substantially affecting β-Spectrin 
protein levels (Fig. 1 Q). Similarly, β-spectrin dsRNA expres-
sion strongly reduces β-Spectrin protein levels, with only minor 
effects on α-Spectrin protein levels (Fig. 1 Q). These experi-
ments demonstrate that transgenically expressed dsRNA can 
knock down α- or β-Spectrin protein in the muscle below levels 
detectable by light microscopy. We conclude that β-Spectrin is 
required for the localization and/or stabilization of α-Spectrin to 
the postsynaptic muscle membrane, as has been observed in 
other D. melanogaster tissues (Dubreuil et al., 2000).
We next tested the time required for Spectrin protein 
knockdown after dsRNA expression in the muscle. We fi  nd that 
β-Spectrin protein is eliminated from larval muscle by the sec-
ond instar stage,  24 h after the onset of β-spectrin dsRNA 
  expression (Fig. 1, O and P). An identical result is observed for 
α-Spectrin (unpublished data). Because we conduct our assays 
in wandering third instar larvae, we estimate that the NMJ has 
developed in the near absence of postsynaptic α- or β-Spectrin 
for at least 3 d.
Postsynaptic Spectrin is necessary 
for synaptic growth
To assay the function of postsynaptic α- or β-Spectrin during 
synapse development we stained NMJs with the   presynaptic 
vesicle marker synaptotagmin (Syt) and the postsynaptic sub-
synaptic reticulum (SSR) marker Discs-large (Dlg; Fig. 2, 
A–C). This combination of synaptic markers enables us to ana-
lyze NMJ stability, growth, and morphology (Eaton et al., 2002; 
Eaton and Davis, 2005; Pielage et al., 2005). In the absence 
of postsynaptic α- or β-Spectrin, the postsynaptic membrane 
markers are severely perturbed (Fig. 2, B and C). However, 
markers for the presynaptic nerve terminal always remain at 
the NMJ within the synaptic domain defi  ned by markers for the 
SSR (Fig. 2, B and C) and in direct opposition to postsynaptic 
glutamate receptors (see below). Thus, although the  postsynaptic 
membranes are perturbed, we can conclude that the stability of 
the presynaptic nerve terminal has not been impaired after the 
loss of postsynaptic Spectrin (Pielage et al., 2005).
Because postsynaptic organization is severely perturbed, 
we quantifi  ed synaptic bouton number at the NMJ as a measure 
of NMJ growth. Bouton number is signifi  cantly reduced in ani-
mals lacking either α- or β-Spectrin, demonstrating that post-
synaptic Spectrin is necessary for normal NMJ growth (Fig. 2 D). 
Interestingly, this NMJ growth phenotype is more severe in 
animals lacking postsynaptic β-Spectrin compared with  animals 
lacking postsynaptic α-Spectrin (Fig. 2 D). Because β-Spectrin 
remains at the postsynaptic SSR in animals lacking  postsynaptic 
α-Spectrin (Fig. 1 F), these differential effects might refl  ect 
a function of β-Spectrin that persists in the absence of post-
synaptic α-Spectrin.
Postsynaptic Spectrin is necessary 
for the formation of subsynaptic muscle 
membrane folds
The most striking phenotype at NMJs that lack either post-
synaptic α- or β-Spectrin is the disruption of the SSR. At the 
light level, the SSR can be visualized by antibody staining for Dlg, 
Figure 2.  Loss of postsynaptic 𝗂- or 𝗃-Spectrin results in severe morpho-
logical defects in NMJ formation. (A–C) NMJs from muscle 6 and 7 at seg-
ment A3 are shown stained for the presynaptic vesicle marker synaptotagmin 
(Syt; green) and for the postsynaptic SSR marker Discs-large (Dlg; 
magenta). (right) Higher resolution images of areas indicated by asterisks. 
(A) In wild type, the postsynaptic marker Dlg tightly surrounds the presynaptic 
nerve terminal marked by Syt. (B) A NMJ lacking postsynaptic α-Spectrin. 
NMJ size is reduced and the number of synaptic boutons is decreased. 
Postsynaptic Dlg staining is no longer tightly restricted to regions surrounding 
the presynaptic boutons. (C) A NMJ lacking postsynaptic β-Spectrin. 
Postsynaptic Dlg is still enriched around presynaptic boutons, but lacks 
organization (bottom right). (D) Quantiﬁ  cation of presynaptic bouton number 
on muscles 6 and 7 in segments A2 and A3 as, indicated. Numbers are 
normalized to wild type in the graph. The loss of postsynaptic α-Spectrin 
results in a reduction of bouton number to 86 ± 2.5% in segment A2, and 
to 77 ± 2% in segment A3. The loss of postsynaptic β-Spectrin leads to 
a reduction in bouton number to 66 ± 2% and 71 ± 2% in segments A2 
and A3, respectively. All changes are statistically signiﬁ  cant (P < 0.001). 
Bars: (A–C) 10 μm; (magniﬁ  cations) 5 μm.JCB • VOLUME 175 • NUMBER 3 • 2006  494
a PDZ domain containing adaptor protein (PSD-95 homologue) 
that scaffolds synaptic proteins to the SSR and is required for 
the elaboration of the SSR during development (Budnik et al., 
1996). In wild-type animals, Dlg staining is closely associated 
with the synaptic bouton (Fig. 2 A). In the absence of post-
synaptic α- or β-Spectrin, Dlg remains concentrated at the NMJ; 
however, it is no longer tightly associated with the presynaptic 
boutons, occupies a larger domain, and appears disorganized 
(Fig. 2, B and C). These data suggest that Spectrin is required 
for the normal development or integrity of the SSR.
We next examined the ultrastructure of the SSR in wild-
type and spectrin-dsRNA animals. Wild-type boutons are com-
pletely surrounded by the SSR membrane network (Fig. 3 A 
and Fig. S1 A, available at http://www.jcb.org/cgi/content/full/
jcb.200607036/DC1). In contrast, synapses lacking postsynaptic 
β-Spectrin show severe defects in SSR structure (Fig. 3 B; and 
Fig. S1, B and C). The SSR is generally thinned above and 
below the synaptic bouton (orthogonal to the muscle surface) 
and stretched laterally (parallel to the muscle surface; wild-type 
SSR thickness: orthogonal, 0.545 ± 0.68 μm; parallel, 0.910 ± 
0.043 μm; β-spec orthogonal: 0.248 ± 0.061 μm;   parallel, 
2.322 ± 0.391 μm; n = 10 boutons each; P < 0.001 for 
both axes compared with wild type; Fig. 3 C). In many cases, 
muscle tissue directly abuts the presynaptic bouton membrane 
and active zones (Fig. 3 B, asterisks), a phenotype that is never 
observed in wild type. In addition, the SSR membranes are 
generally less compact (wild-type orthogonal, 23.2 ± 1.93 
layers/μm; parallel, 15.0 ± 1.1 layers/μm; β-spec orthogonal, 
12.7 ± 1.9 layers/μm; parallel, 6.7 ± 0.8 layers/μm; n = 10 
boutons; P ≤ 0.001 compared with wild type; Fig. 3 D). These 
ultrastructural data support our light level observations (Fig. 2, 
B and C), and we conclude that the postsynaptic Spectrin skel-
eton is required for the normal integrity and development of 
the SSR.
Postsynaptic Spectrin speciﬁ  es active zone 
size and spacing at the NMJ
In addition, our ultrastructural analysis revealed that the size of 
individual active zones is signifi  cantly increased in animals 
lacking postsynaptic β-Spectrin. Presynaptic active zones were 
defi  ned as continuous pre- and postsynaptic electron densities 
that exist at sites with clustered presynaptic vesicles (Fig. 3, 
A and B; active zones delineated by arrows). Active zone dimen-
sion were determined by measuring the length of an uninter-
rupted electron density. In wild type, active zones have a 
characteristic length (531 ± 22 nm; n = 44) and are spaced at 
regular intervals throughout the synaptic bouton membrane, 
which is consistent with previous studies (Atwood et al., 1993; 
Figure 3.  Ultrastructural analysis of synap-
tic boutons lacking postsynaptic 𝗃-Spectrin. 
(A) A cross section of a wild-type synaptic bouton. 
The postsynaptic muscle membrane folds (SSR) 
and the muscle ﬁ  bers (m) are indicated. The pre-
synaptic bouton is completely surrounded by 
SSR. A representative active zone is demarca-
ted by arrows. (B) A cross section of a synaptic 
bouton from an animal lacking postsynaptic 
β-Spectrin. The SSR is severely reduced and al-
most absent above and below the   presynaptic 
bouton. At many places, including active 
zones, muscle ﬁ   bers directly abut the pre-
synaptic membrane (asterisks). The boundaries of 
a representative active zone are indicated by 
arrows. (C) Analysis of SSR thickness in wild-
type animals and in animals lacking post-
synaptic β-Spectrin. (D) Analysis of SSR density 
in wild type and in animals lacking postsynaptic 
β-Spectrin. (E) Cumulative probability plot of 
active zone sizes in wild-type animals and 
in animals lacking postsynaptic β-Spectrin. 
(F) Quantiﬁ   cation of active zone sizes (wild 
type = 531 ± 22 nm and β-spectrin = 828 ± 
59 nm; P < 0.001). Error bars represent the 
SEM. Bars: (A and B) 500 nm.SPECTRIN DEFINES SYNAPSE SIZE • PIELAGE ET AL. 495
Meinertzhagen et al., 1998). We fi  nd that active zones are sig-
nifi   cantly larger at NMJs that lack postsynaptic β-Spectrin 
(mean length, 828 ± 59 nm; n = 42; P < 0.001; Fig. 3, B–D). 
In addition, we observe that the spacing between active zones 
is disturbed, with some active zones forming in very close 
  proximity. These data indicate that postsynaptic Spectrin nor-
mally restricts synapse size and controls the regular spacing of 
synapses at the NMJ.
We next turn to a light level analysis of proteins that 
localize to the active zone and associated postsynaptic density 
(Fig. 4). Consistent with our ultrastructural data, we fi  nd that 
Spectrin is required for the specifi  cation of normal glutamate 
receptor cluster size, distribution, and spacing. In wild-type 
animals, glutamate receptor clusters are of uniform size and evenly 
distributed within the postsynaptic membrane of the synaptic 
terminal (Fig. 4, A and A’). If we knock down postsynaptic α- or 
β-Spectrin, the average size of the glutamate receptor clusters 
is signifi  cantly increased (wt = 0.78 ± 0.01 μm, n = 536; 
α-spectrin = 1.08 ± 0.02, n = 657; β-spectrin = 1.26 ± 0.04, 
n = 602; P < 0.001 for all comparisons; Fig. 4, B and B’ and C 
and C’). These data were acquired using an antibody against the 
GluRII-C subunit of the postsynaptic glutamate receptors. We 
observed the same phenotype when analyzing the GluRII-A 
and -B subunits of the glutamate receptors (unpublished data). 
The change in average cluster size is refl  ected as a shift of the 
entire distribution of cluster sizes to larger dimensions (Fig. 4, 
A’–C’). A similar, signifi  cant increase in receptor cluster size 
was observed in second instar animals (L2; wt = 0.52 ± 0.01, 
n = 314; β-spectrin = 0.80 ± 0.03, n = 320; P < 0.001; 
Fig. 4, D and E). Together, these data are consistent with the 
conclusion that the postsynaptic Spectrin skeleton is required to 
specify the size and organization of the postsynaptic density 
during synapse development.
We next analyzed the spacing of presynaptic active zones 
by examining the distribution of the presynaptic protein nc82/
Bruchpilot (ELKS/CAST homologue) that marks the center of 
each presynaptic active zone (Kittel et al., 2006; Wagh et al., 
2006). At wild-type synapses, nc82 puncta are evenly spaced 
throughout the NMJ, and single nc82 puncta are present in op-
position to each glutamate receptor cluster (Fig. 5 A; Kittel 
et al., 2006; Wagh et al., 2006). However, at synapses that lack 
postsynaptic α- or β-Spectrin, the distribution of nc82 puncta is 
severely perturbed, and we observe that multiple presynaptic 
nc82 puncta occur in opposition to single, enlarged glutamate 
receptor clusters (Fig. 5 B). To quantify this phenotype we de-
termined the ratio between presynaptic nc82 and postsynaptic 
GluRII-C clusters. At both second and third instar synapses, we 
fi  nd an  1:1 relationship between nc82 and GluRII-C clusters 
(second instar: 1.11 ± 0.031, n = 1,788 nc82 puncta; third 
 instar:  1.4  ± 0.054, n = 2,115 nc82 puncta). However, at syn-
apses that lack postsynaptic α- or β-Spectrin, this ratio is sig-
nifi  cantly increased at both second (1.75 ± 0.061, n = 2,201 
nc82 puncta; P < 0.001) and third instar NMJs (2.76 ± 0.201, 
n = 2,210 nc82 puncta; P < 0.001; Fig. 5 C). These data sug-
gest that there is an increase in the number of presynaptic T-bars 
per postsynaptic density, provided that glutamate receptor clus-
ters imaged at the light level refl  ect the size of the postsynaptic 
density. In support of this possibility, the pre- and postsynaptic 
electron densities that defi  ne the active zone and associated 
postsynaptic density remain precisely aligned in the β-spectrin 
Figure 4.  Analysis of postsynaptic glutamate receptor clusters at synapses 
lacking postsynaptic 𝗂- or 𝗃-Spectrin. (A–C and A’–C’) Analysis of post-
synaptic glutamate receptor clusters in third instar larvae (L3). (A) A wild-
type synapse on muscle 4, stained for the GluRII-C subunit of the postsynaptic 
glutamate receptor clusters. (A’) Frequency distribution of glutamate receptor 
cluster sizes in wild type. (B) Synapses lacking postsynaptic α-Spectrin 
show a severe perturbation of glutamate receptor clusters. (B’) The fre-
quency distribution reveals a shift toward larger cluster sizes compared with 
wild type. (C) Synapses lacking postsynaptic β-Spectrin show increased 
glutamate receptor cluster size and altered organization. (C’) The analysis 
of the frequency distribution reveals a further increase in the number of 
larger cluster sizes compared with α-spectrin and wild type. (D–E’) Analysis 
of postsynaptic glutamate receptor clusters in second instar larvae (L2). 
(D) A wild-type synapse on muscle 4, stained for the GluRII-A subunit of the 
postsynaptic glutamate receptor clusters. (D’) Frequency distribution of glu-
tamate receptor cluster sizes. (E) A second instar synapse lacking post-
synaptic β-Spectrin shows an increase in glutamate receptor cluster size. 
(E’) The frequency distribution reveals a signiﬁ  cant increase in cluster size 
compared with second instar wild-type animals. Bars, (A–E) 10 μm.JCB • VOLUME 175 • NUMBER 3 • 2006  496
RNAi animals, and we observe the presence of multiple T-bars 
at active zones (Fig. 3 B).
Finally, we determined whether the change in nc82 distri-
bution refl  ects an increase in the total number of T-bars. We fi  nd 
a slight, though statistically signifi  cant, increase in the density 
of nc82 puncta (wild type: 1.8 ± 0.06 nc82 puncta/area; 
β-spectrin: 2 ± 0.06 n82 puncta/area; P < 0.05; Fig. 5 D). 
  Although this increase might contribute to the phenotype, it is 
more likely that the loss of normal spatial separation is the 
  major cause for the observed phenotype. Thus, our data from 
both light level and ultrastructural analyses are consistent with 
the conclusion that the postsynaptic Spectrin skeleton imposes 
a transsynaptic infl  uence on synapse development to specify 
synapse size and spacing.
Altered periactive zone organization 
in the absence of postsynaptic Spectrin
Active zones in both the central and peripheral nervous systems 
are surrounded by specialized domains, termed the periactive 
zone, that are enriched with proteins involved in signaling 
(Coyle et al., 2004), intercellular adhesion, and synaptic vesicle 
endocytosis (Koh et al., 2004; Marie et al., 2004). We next ad-
dressed whether postsynaptic Spectrin is necessary to defi  ne 
and organize the active zone versus periactive zone domains.
We fi rst analyzed two reporters that defi  ne the periactive 
zone within the postsynaptic membrane, Shaker-GFP and the 
cell adhesion molecule Fasciclin II (Fas II). These markers are 
organized into a postsynaptic periactive zone network that 
  surrounds glutamate receptor clusters (Fig. 6, A and C). Both 
Sh-GFP and Fas II depend on Dlg for synaptic localization 
(Thomas et al., 1997; Zito et al., 1997). However, Sh-GFP is 
only present in the postsynaptic membrane, whereas Fas II is 
present pre- and postsynaptically and functions as a homophilic 
cell adhesion molecule. At synapses that lack postsynaptic α- or 
β-Spectrin, both Sh-GFP and Fas II are severely disorganized, 
but remain separate from clusters of postsynaptic glutamate 
  receptors (Fig. 6 B and not depicted; wild type percentage of 
colocalization Sh-GFP with GluR-IIC: 17.6 ± 1.5%; α-spec: 
5.6 ± 0.9%; n = 9; P < 0.001). In addition, in the absence of 
postsynaptic α- or β-Spectrin, Fas II staining still circumscribes 
p21-activated kinase (Pak) staining, a postsynaptic density marker 
that colocalizes with glutamate receptors (Fig. 6 D; Albin and 
Davis, 2004; wild type percentage of colocalization Fas II with 
Pak: 14.7 ± 1.0%; β-spec: 9.8 ± 0.7%; n = 11; P < 0.001). 
Thus, postsynaptic periactive zone membrane markers, although 
altered in appearance, remain in a discrete membrane domain 
that is juxtaposed to the postsynaptic density.
Next, we examined the organization of the presynaptic, 
cytoplasmic protein Nervous Wreck (Nwk) that localizes to the 
periactive zone domain (Coyle et al., 2004). At wild-type syn-
apses, Nwk and Fas II partially colocalize and surround the pre-
synaptic active zone defi  ned by nc82 (Fig. 6 E and not depicted; 
Coyle et al., 2004; Marie et al., 2004). In the absence of post-
synaptic α- or β-Spectrin, the distribution of presynaptic Nwk 
and Fas II is altered; however, the amount of colocalization 
  between Nwk and Fas II remains unchanged (wild type per-
centage of colocalization Nwk with Fas II: 37.1 ± 2.2%; β-spec: 
36.0 ± 1.5%; Fig. 6 F). A similar effect can be observed for the 
distribution of the presynaptic periactive zone protein Dap160/
intersectin (unpublished data). Again, the presynaptic periactive 
zone domain defi  ned by Nwk, Fas II, and Dap160, although 
disorganized in the absence of postsynaptic Spectrin, does not 
Figure 5.  Postsynaptic Spectrin organizes pre- and post-
synaptic synapse markers. (A) A wild-type synapse on muscle 4, 
stained for the presynaptic active zone marker nc82 and the 
postsynaptic glutamate receptor cluster subunit GluRII-C. (B) A 
synapse on muscle 4 lacking postsynaptic β-Spectrin. Multiple 
puncta of the presynaptic active zone marker nc82 accumu-
late opposite single, enlarged postsynaptic GluRII-C receptor 
clusters. (C) Quantiﬁ   cation of presynaptic nc82 and post-
synaptic GluRII-C puncta reveals a signiﬁ  cant increase in the 
ratio of presynaptic nc82 puncta per postsynaptic glutamate 
receptor cluster in both L2 and L3 larvae in the absence of 
postsynaptic β-Spectrin, compared with wild type. (D) Quanti-
ﬁ  cation of presynaptic nc82 puncta and postsynaptic gluta-
mate receptor clusters per NMJ area. Error bars represent the 
SEM. Bars, (A and B) 10 μm.SPECTRIN DEFINES SYNAPSE SIZE • PIELAGE ET AL. 497
invade the active zone domain defi  ned by nc82. Collectively, 
these data support the conclusion that postsynaptic Spectrin de-
fi  nes active zone dimensions, but does not specify the identities 
of active zone or periactive zone domains.
Altered synaptic function in the absence 
of postsynaptic 𝗂- or 𝗃-Spectrin
To assess the functional consequences of altered synapse size 
and spacing, we recorded from NMJs lacking postsynaptic 
α- or β-Spectrin. Compared with wild-type synapses, we observe 
a dramatic increase in the average amplitude of spontaneous 
miniature release events (mepsp [miniature excitatory post-
synaptic potential {EPSP}]; quantal size) after the loss of either 
α- or β-Spectrin (Fig. 7, A and B). There was no statistically 
signifi  cant change in muscle input resistance (wild type: 7 ± 
0.6 MΩ; α-spec, 7 ± 0.3 MΩ; β-spec, 9 ± 1.0 MΩ; n = 11; 
P = 0.06 for β-spec compared with wild type) or in the average 
membrane resting potential (wild type: −73 ± 2.1 mV; α-spec, 
−71.2 ± 1.2 mV; β-spec, 74.5 ± 4.1 mV; n = 11; P > 0.1 for 
both genotypes compared with wild type). The increase in quan-
tal size could be caused by an increase in presynaptic vesicle 
size, an increase in the concentration of vesicular glutamate, 
a change in the spacing of pre- and postsynaptic membranes, or 
an increase in postsynaptic glutamate receptor sensitivity. An 
ultrastructural analysis of neurotransmitter vesicle sizes at ac-
tive zones revealed no signifi  cant difference between animals 
lacking postsynaptic β-Spectrin and wild-type animals (Fig. 7 C; 
P > 0.01). In addition, pre- and postsynaptic electron densities 
remain perfectly aligned and we did not fi  nd any evidence of 
  altered active zone integrity. Therefore, we hypothesize that the 
observed changes in mepsp amplitudes are related to the ob-
served differences in glutamate receptor organization. One 
  possibility is that there has been a change in the sensitivity or 
density of postsynaptic glutamate receptors; however, we can-
not exclude other possibilities at this time.
We next assayed presynaptic neurotransmitter release 
by recording EPSP amplitudes in response to single action 
potentials in the motoneuron. In animals lacking postsynaptic 
Figure 6.  Postsynaptic Spectrin is required for the organi-
zation of active zone and periactive zone components. All 
images are of NMJs at muscle 4. Smaller images show 
higher magniﬁ  cations and single channels from the areas 
indicated by the asterisks. (A) A wild-type synapse stained 
for the postsynaptic density marker GluRII-C and the post-
synaptic periactive zone reporter Sh-GFP. Sh-GFP staining 
circumscribes the evenly distributed GluRII-C receptor clusters. 
(B) At a synapse lacking postsynaptic α-Spectrin, Sh-GFP 
is no longer conﬁ  ned to the area directly surrounding the 
postsynaptic receptor clusters and loses its latticelike 
  appearance. (C) A wild-type synapse stained for the post-
synaptic active zone marker Pak and the transsynaptic cell 
adhesion molecule Fas II, which localizes to the periactive 
zone. Fas II forms a honeycomb-like network that precisely 
surrounds Pak staining. (D) At synapses lacking  postsynaptic 
β-Spectrin, Pak clusters become bigger and less regular 
shaped. The Fas II network is less regular, but still surrounds 
Pak-positive clusters. (E) A wild-type synapse stained for 
Fas II and the cytoplasmic presynaptic periactive zone 
marker Nwk. Fas II and Nwk partially colocalize and sur-
round the presynaptic active zone. (F) At synapses lacking 
postsynaptic β-Spectrin, Fas II and Nwk lose their regular 
organization. Bars: (A–F) 10 μm; (magniﬁ  cations) 3 μm.JCB • VOLUME 175 • NUMBER 3 • 2006  498
α-Spectrin, we observe an increase in EPSP amplitude that 
parallels the increase in quantal size (Fig. 7 A). However, 
  after the loss of β-Spectrin, EPSP amplitudes are only slightly 
  increased, despite the large increase in quantal size. As a result, 
we calculate a signifi  cant decrease in presynaptic neurotrans-
mitter release (quantal content; Fig. 7 A). We hypothesize that 
the defi  cit in presynaptic release may be secondary to the more 
severe   decrease in bouton numbers observed in animals lacking 
postsynaptic β-Spectrin compared with α-Spectrin (Fig. 2 D). 
Alternatively, it could indicate additional functions of β-Spectrin 
that are α-Spectrin independent.
Spectrin recruits Ankyrin 
to the postsynaptic membrane 
during synapse development
Studies examining a variety of tissue types in organisms rang-
ing from D. melanogaster to vertebrate species demonstrate 
that the Spectrin skeleton is recruited to the plasma mem-
brane through interactions with the adaptor protein Ankyrin 
(Dubreuil et al., 1996; Jefford and Dubreuil, 2000; Bennett and 
Baines, 2001; Ango et al., 2004). The D. melanogaster genome 
encodes two different Ankyrin genes, ankyrin (ank) and   ankyrin 2 
(ank2; Dubreuil and Yu, 1994; Bouley et al., 2000). It has 
been demonstrated that Ank2 expression is restricted to the 
nervous system (Bouley et al., 2000; Hortsch et al., 2002). 
Therefore, we focused our analysis on Ank, which is present at the 
larval NMJ and colocalizes with α-Spectrin (Fig. S2, A–C, avail-
able at http://www.jcb.org/cgi/content/full/jcb.200607036/DC1) 
and Dlg (Fig. 8, A–C). The ank gene is encoded on the gene-
tically intractable fourth chromosome of D. melanogaster, 
and no mutations in ank have been identifi  ed so far. The ex-
pression of ank dsRNA using the muscle-specifi  c driver line 
BG57-Gal4 enables us to knock down Ank protein in the muscle 
of third instar larvae (Fig. 8, D–F). In animals lacking post-
synaptic Ank, we do not observe a signifi  cant change in α- or 
β-Spectrin distribution in the SSR that surrounds the presynaptic 
terminal (Fig. S1, E and F). Thus, in contrast to other systems, 
Ank is not required for the recruitment of Spectrin to postsyn-
aptic muscle membranes at the NMJ. In contrast, the knock-
down of β-Spectrin leads to a near complete loss of Ank from 
the SSR (Fig. 8 G). This indicates that β-Spectrin is necessary 
to localize Ank to the NMJ. In addition, we fi  nd that the loss of 
postsynaptic  α-Spectrin results in a disorganization of Ank 
within the SSR suggesting that Ank remains bound to β-Spectrin 
that persists in the SSR in the absence of postsynaptic α-
  Spectrin (Fig. 1 F).
The disruption of Ank localization could potentially con-
tribute to the phenotypes observed in animals lacking postsyn-
aptic α- or β-Spectrin. Although the structure and integrity of 
the postsynaptic SSR is not affected in animals lacking post-
synaptic Ank (Fig. 8 E), we observe a slight, statistically signifi  -
cant increase in the average size of glutamate receptor clusters 
Figure 7.  Synapses lacking postsynaptic 
𝗂- or 𝗃-Spectrin show an increase in quantal 
size. (A) Quantiﬁ  cation of the average mepsp 
amplitude (quantal size), EPSP amplitude, and 
quantal content in wild type and in animals 
lacking postsynaptic α- or β-Spectrin. Measure-
ments are normalized to wild type to allow dis-
play of the data on a single graph. At synapses 
lacking postsynaptic α- or β-Spectrin there is a 
signiﬁ  cant increase in quantal size compared 
with wild type (82% increase for α-spectrin 
and 85% increase for β-spectrin; P < 0.001). 
At synapses lacking postsynaptic α-Spectrin, 
EPSP amplitudes are larger than wild type, 
and there is no change in quantal content com-
pared with wild type. At synapses lacking 
postsynaptic β-Spectrin, EPSPs are larger than 
wild type, but there is a signiﬁ  cant decrease in 
quantal content. Representative mepsp traces 
are shown. (B) Histograms of mepsp amplitude 
distributions in wild type and in animals lack-
ing postsynaptic α- or β-Spectrin. (C) Ultra-
structural analysis of average synaptic vesicle 
diameters for wild-type synapses and synapses 
lacking postsynaptic β-Spectrin. There is no 
change in the average vesicle diameter at syn-
apses lacking postsynaptic β-Spectrin com-
pared with wild type. Representative images 
of active zones are shown at left. Error bars 
represent the SEM.SPECTRIN DEFINES SYNAPSE SIZE • PIELAGE ET AL. 499
(wild type 0.8 ± 0.01μm, n = 515; ankyrin 0.96 ± 0.03 μm, 
n = 410; P < 0.001; Fig. S3, B and C, available at http://www.
jcb.org/cgi/content/full/jcb.200607036/DC1). Consistently, we 
fi  nd a small, but statistically signifi  cant, increase in quantal size 
in animals lacking postsynaptic Ank compared with wild-type 
controls (wt = 0.93 ± 0.06 mV; ank = 1.28 ± 0.10 mV; P < 
0.05). In conclusion, β-Spectrin is required for the effi  cient 
  localization of Ank to the postsynaptic SSR, and Ank contributes 
to the Spectrin-dependent control of synapse development.
Discussion
We demonstrate that the postsynaptic Spectrin skeleton is nec-
essary for the normal size and spacing of synapses at the NMJ, 
with both pre- and postsynaptic compartments of the synapse 
being altered in parallel. Although synapse size and positioning 
are changed, we still observe a perfect alignment of the presyn-
aptic active zone and the postsynaptic density and segregation 
between active zone and periactive zone components on both 
sides of the synapse. Mechanistically, β-Spectrin is required for 
the localization of α-Spectrin and Ankyrin to the postsynaptic 
membrane. These data suggest that the postsynaptic Spectrin 
skeleton imposes a transsynaptic organization that is necessary 
for the normal development of both the presynaptic active zone 
and the opposing postsynaptic density.
How does the postsynaptic Spectrin 
skeleton restrict synapse size and spacing?
α- and β-Spectrin heterotetramers have a length of  180–265 nm 
when purifi  ed from membrane preparations of D. melanogaster 
or from preparations of vertebrate erythrocytes or brain tissue 
(Shotton et al., 1979; Bennett et al., 1982; Dubreuil et al., 1987). 
These heterotetramers can bind to short actin fragments and 
form a stereotypic hexagonal lattice that is linked to the plasma 
membrane (Byers and Branton, 1985; Liu et al., 1987). Interest-
ingly, the dimension of one of these hexagonal Spectrin–actin 
structures closely corresponds to the size of an average active 
zone at the D. melanogaster NMJ. The diameter of an aver-
age active zone is  500–600 nm (Fig. 3 D) (Atwood et al., 
1993; Meinertzhagen et al., 1998), which corresponds to the 
size of two Spectrin heterotetramers linked by actin fi  laments 
(Fig. 9, B and C). Therefore, the organization of a postsynaptic 
Spectrin–actin network into a hexagonal lattice could provide 
a framework upon which synapse development is organized 
(Fig. 9, B and C).
Restriction of glutamate receptors 
to the postsynaptic density
There are several possible scenarios for how a Spectrin–actin 
lattice could restrict synapse size. In one model, the Spectrin–
actin network could stabilize glutamate receptors through  direct 
or indirect interactions, as previously hypothesized (Bloch and 
Morrow, 1989; Wechsler and Teichberg, 1998; Shen et al., 
2000). In a second model, the lateral expansion of active zones 
might be constrained by the dimension of the postsynaptic, 
hexagonal Spectrin–actin lattice (Fig. 9). This lattice could be 
used to organize the scaffolding protein Dlg, which, in turn, 
could confi  ne the distribution of integral periactive zone pro-
teins to limit the dimensions of the postsynaptic density (Fig. 9 C). 
In support of this model, ultrastructural reconstructions re-
vealed a signifi  cant increase in the size of active zones at the 
NMJ of dlg mutants (Karunanithi et al., 2002). Finally, the 
changes in glutamate receptor cluster size and spacing could be 
a secondary consequence of the disruption of the postsynaptic 
membrane network that composes the SSR. However, other 
mutations that affect SSR density and organization do not cause 
an increase in active zone size (Parnas et al., 2001; Packard 
et al., 2002).
Figure 8. Postsynaptic  𝗂- and 𝗃-Spectrin are required for the normal localization of postsynaptic Ankyrin. (A–C) A wild-type synapse on muscle 4 stained 
for Ank and Dlg. Ank is present in the T-tubules throughout the muscles and highly enriched in the SSR of 1b and 1s boutons. (D–F) The postsynaptic expres-
sion of ank dsRNA results in the elimination of Ank in the muscle. Ank can no longer be detected in the T-tubules or the SSR. Presynaptic Ank becomes evi-
dent in the absence of postsynaptic Ank. Dlg organization within the postsynaptic SSR remains unaltered in the absence of postsynaptic Ank. (G–I) A muscle 
4 synapse that lacks postsynaptic β-Spectrin. The SSR is clearly disturbed and Dlg organization is disrupted. Ank is almost completely absent from the SSR, 
but is still present in the T-tubule network (G). (J–L) A muscle 4 synapse that lacks postsynaptic α-Spectrin. The organization of the SSR is severely disturbed 
but Ank is still present at the SSR and colocalizes with Dlg. Bar, (A–L) 10 μm.JCB • VOLUME 175 • NUMBER 3 • 2006  500
The postsynaptic Spectrin skeleton 
organizes SSR formation
In the absence of postsynaptic α- or β-Spectrin, the  postsynaptic 
membrane folds (SSR) no longer tightly surround the pre-
synaptic bouton, but are spread laterally and are severely thinned 
above and below the synaptic bouton. There are two possible 
explanations for this phenotype. One possibility is that disorga-
nized Dlg directs the inappropriate formation of SSR. Previous 
studies have demonstrated that Dlg is necessary and suffi  cient 
for SSR formation in D. melanogaster (Budnik et al., 1996), 
and the analysis of α- and β-spectrin–null mutant embryos sug-
gest that Spectrin is required for the localization of Dlg to the 
synapse (Featherstone et al., 2001). Alternatively, the SSR orga-
nization could be disrupted in response to muscle contractions 
in the absence of postsynaptic α- or β-Spectrin. The Spectrin 
skeleton could serve as a protective network because of its elastic 
properties (Bennett and Baines, 2001). The loss of mechano-
protection might explain the lateral stretch of SSR and the 
  reduction of SSR orthogonal to the muscle surface.
Establishment of a Spectrin–actin network 
at the postsynaptic membrane
Our analysis reveals interesting insights into the assembly of 
the Spectrin skeleton at the postsynaptic membrane. We de-
monstrate that β-Spectrin is required for the localization of 
α-Spectrin and Ank to the postsynaptic plasma membrane, whereas 
α-Spectrin is only required for the appropriate localization of 
β-Spectrin and Ank within the SSR. Interestingly, the knock 
down of postsynaptic Ank does not signifi  cantly infl  uence the 
localization of α- or β-Spectrin (Fig. 8). This differs from previous 
observations in other D. melanogaster tissues and in vertebrates 
where Ank is required for the localization of β-Spectrin to 
specifi  c membrane domains and Spectrin then stabilizes these 
complexes (Dubreuil et al., 1996, 2000; Jenkins and Bennett, 
2001; Komada and Soriano, 2002; Mohler et al., 2004). Thus, 
either the membrane localization of β-Spectrin depends on in-
teractions with other adaptor or transmembrane molecules or 
β-Spectrin binds directly to phospholipid components of the 
postsynaptic membrane through its membrane association 
  domains (Bennett and Baines, 2001).
Spectrin function during development, 
plasticity, and disease in the vertebrate 
nervous system
It is interesting to speculate that Spectrin may function to deter-
mine active zone dimensions in the vertebrate nervous system. 
At central synapses, active zone dimensions and spacing are 
precisely controlled, implying molecular regulation (Schikorski 
and Stevens, 1997, 1999; Satzler et al., 2002). The importance 
of controlling active zone dimensions is underscored by a cor-
relation between presynaptic release probability and active zone 
dimension at hippocampal synapses (Schikorski and Stevens, 
1997). A remaining question is whether the Spectrin skeleton 
could be involved in the activity-dependent regulation of active 
Figure 9.  A postsynaptic Spectrin–actin network can 
  deﬁ  ne synapse dimensions and spacing. (A) Staining of 
GluRII-C receptors and Sh-GFP (Fig. 6). (B) Top view of a 
proposed α-/β-Spectrin hexagonal network. In this model, 
a unit of six Spectrin heterotetramers linked by actin ﬁ  la-
ments could participate in the organization of synapse 
size and spacing. (C) Side view of a single synapse. 
Spectrin heterotetramers are linked through interactions 
of β-Spectrin with short actin ﬁ  laments. The postsynaptic 
Spectrin–actin network could participate in the localiza-
tion of periactive zone proteins such as Dlg to the borders 
of the active zone. Dlg, in turn, could then bind and scaf-
fold additional periactive zone proteins, including Fas II 
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zone size and effi  cacy (Shen et al., 2000; Bennett and Baines, 
2001). It is interesting to note that the increase in active zone 
size at the D. melanogaster NMJ after the knock down of post-
synaptic Spectrin does not lead to an apparent increase in re-
lease probability. However, given the developmental time frame 
of these manipulations, it is possible that homeostatic mecha-
nisms readjust presynaptic release to baseline levels.
The importance of the Spectrin skeleton in the vertebrate 
nervous system has been underscored by the recent discovery 
that mutations in human β-III spectrin cause spinocerebellar 
ataxia type 5 (Ikeda et al., 2006). Spinocerebellar ataxia type 5 
results in Purkinje cell loss, cerebellar cortical atrophy, and neuro-
muscular defects (Ikeda et al., 2006). Importantly, one of the 
human mutations in β-III spectrin is a point-mutation within the 
actin-binding domain that is essential for the formation of an 
intact Spectrin–actin network (Ikeda et al., 2006). As the human 
mutations are dominant, it indicates that even small changes in 
the robustness of the Spectrin–actin network might result in se-
vere neurological defects and disease.
Materials and methods
Fly stocks
Flies were maintained at 25°C on normal food. The following strains were 
used in this study: w
1118 (wild type), BG57-GAL4 (muscle expression from 
mid–ﬁ  rst-instar on; Budnik et al., 1996), da-GAL4 (ubiquitous expression; 
Wodarz et al., 1995), MHC-Shaker-GFP (Zito et al., 1997), UAS-α-spectrin-
dsRNA, and UAS-β-spectrin-dsRNA (Pielage et al., 2005). We recapit-
ulated the expression pattern of BG57-Gal4 using a UAS-mCD8-GFP 
transgene (Lee and Luo, 1999). We observed strong expression in postem-
bryonic muscle and some expression in peripheral neurons that send pro-
jection axons into the CNS, as previously reported (Budnik et al., 1996). 
We did not observe any expression in motoneuron axons. To ensure that 
there is no expression in the motoneurons projecting to muscles 6/7 that 
might not be detectable at the light level, we expressed UAS–tetanus toxin 
(Sweeney et al., 1995) using BG57-Gal4. The expression of UAS–tetanus 
toxin in neurons abolishes evoked neurotransmission (Broadie et al., 1995; 
Sweeney et al., 1995). We did not observe any signiﬁ  cant decrease in the 
amplitude of EPSPs at muscles 6/7 in these animals, demonstrating the tissue-
speciﬁ  city of the BG57-Gal4 driver line.
Generation of the UAS–ankyrin–dsRNA construct 
and germline transformation
We used the pWIZ-Vector (R. Carthew, Northwestern University, Evanston, IL; 
Lee and Carthew, 2003) to generate the UAS-ankyrin-dsRNA construct. 
The target sequence was selected to avoid signiﬁ  cant homology with any 
other D. melanogaster gene to ensure speciﬁ  city of the resulting dsRNA. 
We introduced XbaI restriction sites (underlined) to allow direct cloning 
into the pWIZ vector (Lee and Carthew, 2003). The following primers were 
used to amplify a 593-bp fragment of the ankyrin open reading frame 
starting at position 3,835 of the ankyrin-RA cDNA: 5′G  G  G  C  G  G  G  T  T  C-
T  A  G  A  A  A  A  A  C  G  A  A  T  T  T  C  C  C  A  A  A  C  G  G  A  A  G  C  -3′ and 5′-G  G  G  C  G  G  G  T  T  C  T-
A  G  A  A  A  A  G  G  C  C  A  G  T  C  A  C  T  T  C  C  T  A  A  G  T  G  G  C  -3′. The DNA fragment was 
ampliﬁ  ed from wild-type genomic DNA and cloned into pWIZ following 
the methods used by Lee and Carthew (2003). The construct was con-
ﬁ  rmed by sequencing. Transgenic ﬂ  ies were generated by standard methods. 
At least two independent transgene insertions were established for chro-
mosomes 2 and 3.
Immunocytochemistry
Wandering third instar larvae were dissected in HL3 saline and ﬁ  xed either 
with 4% paraformaldehyde/PBS for 15 min or in Bouin’s ﬁ  xative (Sigma-
Aldrich) for 2 min. Primary antibodies were applied at 4°C overnight. 
  Primary antibodies were used at the following dilutions: anti-Bruchpilot (nc82) 
1:100 (gift from E. Buchner, Theodor-Boveri-Institut für Biowissenschaften, 
Würzburg, Germany); anti–α-Spectrin (3A9) 1:50; anti–D-GluRIIA (8B4D2) 
1:10; anti–Fasciclin II (1D4) 1:10 (all provided by the Developmental 
Studies Hybridoma Bank, Iowa); rabbit anti–D-GluRIIB (1:2,500), rabbit 
anti–D-GluRIIC (1:5,000; both antibodies were gifts from A. DiAntonio, 
Washington University, St. Louis, MO); rabbit anti-Dlg 1:5,000 (gift from 
V. Budnik, University of Massachusetts, Worcester, MA); rabbit anti–α-Spectrin 
1:500, rabbit anti–β-Spectrin 1:500, rabbit anti-Ankyrin 1:500 (all gifts 
from R. Dubreuil, University of Illinois, Chicago, IL); rabbit anti-Pak 1:500 
(gift from L. Zipursky, University of California, Los Angeles, CA); rabbit 
anti-synaptotagmin 1:500; rabbit anti-Dap160 1:200; rat anti–Nervous 
wreck 1:1,000 (gift from B. Ganetzky, University of Wisconsin, Madison, 
WI). All secondary antibodies and Cy3- and Cy5-conjugated anti-HRP 
were obtained from Jackson ImmunoResearch Laboratories and Invitrogen 
and used at a 1:200–1:1,000 dilution and applied for 1–2 h at RT. Larval 
preparations were mounted in Vectashield (Vector Laboratories). Images 
were captured at RT using an inverted microscope (Axiovert 200; Carl 
Zeiss MicroImaging, Inc.), a 100×/1.4 NA Plan Apochromat objective 
(Carl Zeiss MicroImaging, Inc.), and a cooled charge-coupled device 
  camera (CoolSNAP HQ; Roper Scientiﬁ  c). Intelligent Imaging Innovations (3i) 
software was used to capture, process, and analyze images. Glutamate 
receptor cluster size and number were analyzed in the original 3D images 
to ensure precise measurements and distinction between neighboring 
  clusters. The percentage of colocalization between different synaptic pro-
teins was analyzed in single median focal planes using automated routines 
in the 3i software.
Western Blots
For each genotype, 10 larval body-wall muscle preparations were homog-
enized in 2% SDS buffer (50 mM Tris-HCl, pH 6.8, 25 mM KCl, 2 mM 
EDTA, 0.3 M sucrose, and 2% SDS) on ice. After centrifugation at 5,000 g, 
samples were boiled for 5 min in sample buffer (includes DTT and 
β-mercaptoethanol) and proteins were separated in a 7.5% SDS-PAGE gel 
and immunoblotted with primary antibodies overnight at 4°C. Protein 
bands were visualized with HRP-conjugated secondary antibodies and en-
hanced chemiluminescence reagents (GE Healthcare).
Electrophysiology
Third instar larvae were selected and dissected according to previously 
published techniques (Pielage et al., 2005). Whole-muscle recordings 
were performed on muscle 6 in abdominal segment A3 using sharp micro-
electrodes (12–16 MΩ). Recordings were selected for analysis only if 
resting membrane potentials were more hyperpolarized than –60 mV 
and if input resistances were greater than 5 MΩ. The mean sponta-
neous mepsp amplitude was quantiﬁ   ed by measuring the amplitude of 
 100–200 individual spontaneous release events per synapse. The mean 
per-synapse mepsp amplitudes were then averaged for each genotype. 
Measurement of mepsp amplitudes was semi-automated (Synaptosoft). 
The mean super-threshold–evoked EPSP amplitude was calculated for 
each synapse, ensuring that both motor axons innervating muscle 6 in 
segment A3 were recruited. Quantal content was calculated as the mean 
EPSP amplitude divided by the mean mepsp amplitude. Quantal content 
was determined for each synapse and averaged across synapses to 
generate the mean quantal content for each genotype. Data for steady-
state synaptic transmission were acquired in HL3 saline (0.3 mM Ca
2+ 
and 10 mM Mg
2+). Data were collected using an ampliﬁ  er (Axoclamp 
2B; Axon Instruments), analogue-to-digital board (Digidata 1200B; Axon 
Instruments), a Master-8 stimulator (AMPI,) and PClamp software (Axon 
Instruments). Data were analyzed ofﬂ   ine using Mini-Analysis software 
(Synaptosoft, Inc.).
Electron microscopy
Third instar larvae were prepared for electron microscopy as previously 
described (Pielage et al., 2005). For the analysis of active zone length, 
SSR phenotypes, and vesicle diameters, the largest diameter section of 1b 
boutons corresponding to the bouton midline were selected. To determine 
SSR thickness, the distance between the presynaptic membrane and the 
distalmost SSR membrane was measured. Four different measurements at 
90° angles from each other, starting orthogonal to the muscle surface, 
were performed for each bouton. The two orthogonal and the two parallel 
measurements were averaged and analyzed as separate datasets. To ana-
lyze the density of the SSR, we counted the number of membrane segments 
crossed by the line used to measure the SSR thickness. Four measurements 
at 90° angles were performed and averaged as above. This number was 
divided by the SSR thickness to calculate the number of layers per μm. 
Average synaptic vesicle diameters were measured for vesicles within 250 nm 
of the active zone. The average vesicle diameter was determined for each 
active zone, and then measurements per active zone were averaged for 
each genotype.JCB • VOLUME 175 • NUMBER 3 • 2006  502
Online supplemental material
Fig. S1 shows low magniﬁ  cation images of the ultrastructural analysis of 
synaptic boutons in wild type and in animals lacking postsynaptic β-Spectrin. 
Fig. S2 shows that postsynaptic Ankyrin is not required for the localization 
of α- or β-Spectrin to the postsynaptic membrane (SSR). Fig. S3 shows that 
postsynaptic Ankyrin is required for the control of glutamate receptor 
cluster size. Online supplemental material is available at http://www.jcb.
org/cgi/content/full/jcb.200607036/DC1.
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